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ABSTRACT
MALLIKARJUN AVS. Modeling Aquifer Storage and Recovery of Treated Drinking
Water. (Under the direction of Dr. CASS T. MILLER)
Aquifer storage and recovery (ASR) is a practice in which treated drinking water
is stored in an aquifer during periods of excess supply and withdrawn and used, with only
disinfection, during periods of peak demand. The primary advantages of the method is a
reduced size of treatment and constructed storage facilities.   However, the propriety of
the method depends upon the efficiency of the recovery process and the extent of water
quality changes that occur during subsurface storage. Due to existing and evolving water
quality regulations, trihalomethane and haloacetic acid concentrations are parameters of
concern.      These   parameters,   and  other  species   concentrations,   are   affected  by
hydrodynamic, physical, chemical, and biological processes that are operative in the
subsurface   environment.       Relevant   processes   were   identified,   represented   in
mathematical form, and approximated in a numerical model using the finite element
method.  The resultant model was validated by comparison to analytical solutions, and
literature results for a case of density-dependent flow.   The model was then used to
simulate ASR operations at two sites: Kerrville, Texas, and Marathon, Florida.   Model
calibration for a conservative species was used to estimate hydrodynamic dispersion,
while model predictions were made for other species and for subsequent cycles of ASR.
Grood agreement was achieved between the model and field data for a conservative
species, while reactive processes were evident for trihalomethane species.   The rate of
apparent trihalomethane species degradation was directly related to the degree of
bromination, which is consistent with expectations based upon previous research.
1. INTRODUCTION
Aquifer storage and recovery (ASR) is a practice in which treated drinking water is
stored in an aquifer during periods of excess supply and withdrawn and used, with only
disinfection, during periods of peak demand. The primary advantages of the method is a
reduced size of treatment and storage facilities. Feasibility and efficiency of ASR depends
upon several factors: the energy required to store and withdraw water, the degree of
mixing which occurs between water that is stored and water that is originally resident in
the subsurface, geochemical interactions between the stored water and subsurface media,
and other chemical and biological reactions that affect water quality parameters of
concern.
Disinfection by-products (DBF's) are water quality parameters of significant
concern to ASR operations, because of current and anticipated regulations. DBF's of
concern are trihalomethanes (THM's) and haloacetic acids.(HAA's). Lower
concentrations of DBF's in recovered water compared to that of the recharge water are
desirable, and such conditions have been observed in several instances (CH2M Hill,
1990a, 1992a, 1992b). The potential for DBF's is even more important than the actual
concentration of DBF's after storage, since re-chlorination of stored water is performed
prior to distribution. Available data also suggests that for DBF formation potentials may
decrease during storage as well. Mechanisms responsible for these observed water quality
change are not completely understood, although some conclusions can be drawn fi-om the
literature.
Current ASR practices rely mostly upon short-term pilot tests and empirical
analysis of collected data to judge the feasibility of a given operation, which may be an
expensive, time consuming, and inaccurate approach. Mathematical modeling is an
additional tool that may be of use for evaluating and designing ASR facilities. A general
model for fluid flow, solute transport, and reactions for the wide range of conditions
existing at current ASR facilities is not known to exist.
The objective of this investigation is to investigate the use of modeling as a tool for
analyzing ASR facilities. The sub-objectives of this work are to evaluate processes that
may affect water quality changes during ASR operations; to formulate the most important
processes into a mathematical model that can approximate fluid flow and solute transport
and reactions during ASR; to derive and implement a solution to the mathematical model;
to verify the accuracy of the resultant simulation model; and to apply the simulation model
to example cases of ASR facilities.
2. PROCESS EVALUATION
Multiple processes affect water quality during ASR. Processes of most importance
vary depending upon the species of concern. For purposes of this discussion,
consideration is focused on non-reactive species and THNTs. This allows evaluation of
processes that affect the degree to which stored water mixes with background water, that
affects water quality for all species in the stored water. The additional focus on THMTs is
appropriate given present and anticipated regulations and the present level of uncertainty
regarding expected behavior of THNfs in the subsurface (CH2M Hill, 1992; Miller et al.,
1993).
Hydrodynamic Processes
Hydrodynamic processes of advection and hydrodynamic dispersion aflfect
importantly every species in which differences exist between stored water quality and
background water quality. Advection is the process by which a solute is transported with
the bulk mean fluid flow, and hydrodynamic dispersion is the process by which solute
transport occurs due to deviations from mean bulk flow, including mechanical mixing and
molecular diffusion. These processes are well known in a classical sense (e.g.. Bear, 1979;
Freeze and Cherry, 1979; de Marsily, 1986), but significant uncertainty exists regarding
the nature of these processes at a variety of scales (Dagan, 1989; Cushman, 1990).
Spatial variability of hydraulic conductivity has been well documented at field scales
(Sudicky, 1986; Gelhar et al., 1992) and is expected to be a significant factor affecting
water quality at all ASR sites. As the degree of heterogeneity increases, so too will the
degree of mixing between stored and background water. Methods for representing this
heterogeneity include layered approaches (Molz et al., 1983, 1986; Rabideau and Miller,
1993) or representation as a correlated random field (Ababou et al., 1989; Christakos,
1992), which can be included within the framework of broad trends dictated by the local
hydrogeology.
Interphase Mass Transfer Processes
Mass transfer processes are characterized by a net change in phase for a given
solute species. Examples of mass transfer processes that may influence THM
concentrations in the subsurface are volatilization and sorption/desorption. The extent to
which mass transfer processes are important depend upon the physical and chemical
characteristics of the solute of concern and the subsurface media, and other subsurface
characteristics. Physical and chemical properties of THM's are summarized in Table
l(Lyman et al., 1982 and Howard, 1990).
THM's are volatile compounds, as indicated by the high Henry's constant values.
Hence volatilization of THMs may be important, if an aqueous-gas interface exists for
mass transfer to occur. Such an interface exists in unsaturated media or along the top
boundary of an unconfined aquifer. For confined aquifers, which are typical of most ASR
systems, volatilization is not a process of major concern.
The log octanol-water partition coefiBcients of these compounds are moderate,
ranging fi-om 1.97 in the case of chloroform to 2.30 in the case of bromoform. Therefore,
sorption of these compounds is expected to be significant only in the presence of media
with a high organic matter content (Karickhoflf et al., 1979). Aquifer materials are
typically low in organic carbon, therefore sorption of THMs is not expected to be an
important process for most ASR systems. This conclusion is consistent with available field
data for these compounds (National Academy of Sciences, 1978; Roberts et al., 1982),
which suggests that these compounds are mobile in the subsurface.
Chemical Processes
Chemical transformation of THMs results fi-om hydrolysis and
dehydrohalogenation reactions (Vogel, 1987; Howard, 1990). Hydrolysis of THMs
results in the formation of halogenated methanol, and dehydrohalogenation of THM's
results in formation of corresponding halo-alkenes and hydrohalide. The predicted
environmental half-life periods of these compounds for abiotic hydrolysis and
dehydrohalogenation are 3500, 137, 274 and 686 years, respectively for chloroform,
bromodichloromethane, dibromochloromethane and bromoform (Mabey and Mill, 1978;
Vogel, 1987). Since ASR cycle periods are typically less than a year, chemical
transformations of these compounds are not expected to be significant.
Biological Processes
Several laboratory and field studies reported in the literature indicate that aerobic,
anoxic and anaerobic biodegradation of THM's is possible. Table 2 summarizes the
observations of various studies reported in the literature concerning the biotransformation
of THM's.
Strand and Shippert (1986) and Oldenhuis (1989) concluded that chloroform
degrades under aerobic conditions, probably due to a cometabolic mechanism. Several
investigators have found the brominated THM's to degrade relatively rapidly under
denitrifying conditions, although chloroform was found to be resistant to degradation
under these conditions (Bouwer and McCarty, 1983a; Bouwer and Wright, 1987; Bae et
al, 1990).
Reductive dehalogenation of THMs under methanogenic conditions was
demonstrated in several studies (Bouwer et al., 1981; Bouwer and McCarty, 1983b and
Bouwer and Wright, 1987). The rate of biotransformation depended upon the degree of
bromine substitution, with more brominated species degrading more rapidly (Bouwer and
McCarty, 1983b and Bouwer and Wright, 1987).
Cobb and Bouwer (1991) studied the transformability of THM's in a biofilm
reactor continuously fed with acetate and a mixture of primary electron acceptors
including oxygen, nitrate and sulfate. Sequential biofilm zones of aerobic respiration,
denitrification and sulfate reduction developed within the reactor. The aerobic zone
occupied only a few mm and the denitrification zone occupied around 20 cm. The
remainder of the column was colonized by sulfate reducing organisms. All THMs except
chloroform were completely degraded, chloroform was degraded by 39-64%.
3. MODEL FORMULATION
Processes discussed and concluded to be important in the previous section may be
formulated into an appropriate mathematical model to describe conditions during ASR.
This formulation requires an appropriate fluid flow equation, an appropriate equation to
describe species transport and reactions for each species, and a set of initial and boundary
conditions that correspond to the physical system of concern and yield a well-posed
problem.
A fluid flow equation may be derived by assuming an elastic porous medium, and
fluid density which varies linearly with fluid pressure and solute concentration (Bear,
1979; Voss, 1987):
p5.f+«^-f+v.(p,)=a (1)
where C is the solute concentration, p is fluid pressure, p is density , Q^ is flow source
term (flow rate per unit volume of porous medium), n is porosity, ^ is a Darcy velocity
vector, Sqp = [a(l-n)+Pn], a and fi are coefficients of compressibility of aquifer solid
matrix and water respectively, t is time.
For cases in which density variations are small, the above equation can be
simplified to (Bear, 1979):
&f = -V.? (2)
where Sq is a storage coefficient and ^ is hydraulic head
An advective-dispersive-reactive equation may be used to describe species
transport for both conservative and reactive components (Bear, 1979):
np^+pq.VC-V.[npD,VC]-nf[^   =2.(C*-C) (3)
where C* is the solute concentration of the source/sink fluid to the aquifer and D^ is the
hydrodynamic dispersion tensor.
Constitutive theory is used to describe relationship among the model variables.
Darcy's law is used to relate pore water velocity to fluid pressure and elevation.
Darcy's law:
^=--[yp+/^vz] (4)
k is the intrinsic permeability, z is the elevation head, and ^ is the dynamic viscosity.
4. MODEL IMPLEMENTATION
Equation (1) was converted to an equivalent head-based form (Huyakom et al.,
1987) and the coupled system of Equations (1) and (3) was approximated using a tri-linear
basis function, isoparametric, Bubnov-Galerkin finite element technique in space and a
Crank Nicolson finite difference method in time (Huyakom and Finder, 1983). For
density-dependent cases, vertical velocities were calculated fi"om Darcy's law following
Voss and Souza (1987), and nonlinearities were resolved using Picard iteration (Huyakom
et al., 1987). For constant density cases, the flow and transport equations were solved
independently. Application of the noted numerical methods resulted in a system of sparse
equations, which were solved using a preconditioned bi-conjugate gradient method (Oppe
et al., 1988).
Mass transfer, chemical, and biological reactions were accommodated for in the
model using a split-operator approach (Miller and Rabideau, 1993) in which the solution
of the advective and dispersive components of the transport equation were solved over
half a time step interval, reactions were solved over an entire time step interval, and
advection and dispersion were then solved over a second half time step interval. This
approach allowed for solution methods and temporal discretization to be tailored to the
individual component of the problem. Reactive terms become local ordinary differential
equations which may be solved in parallel. The appropriate ordinary differential equation
solution method depends upon the reaction considered. Analytical, coupled fourth-order
Runge Kutta, and a stiff solution using Gear's method were investigated in recent work
(Rabideau and Miller, 1993); these results are applicable to this simulator as well.
The above-noted methods were applied to the governing equations and coded in
FORTRAN. Optimization for vector processing was performed on a Cray Y-MP at the
North Carolina Supercomputer Center, and all simulations were performed on a Convex
C240 supercomputer at the University of North Carolina-Chapel Hill.
5. MODEL VALIDATION
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The numerical model was validated by comparison: (1) to an analytical, one-
dimensional, Cartesian coordinate solution for transient flow; (2) to transient, radial flow
using Theis' solution; (3) to an analytical, one-dimensional, Cartesian coordinate, transient
solution to the advective-dispersive equation; and (4) to classical numerical solutions for a
steady-state density-dependent flow problem. These model validations are summarized in
turn.
Validation case (1) was for one-dimensional Cartesian coordinate, transient flow in a semi-
infinite aquifer, for which an analytical solution is available (de Marsily, 1986). The
governing equation and auxiliary conditions are:
ac^   T a
h(x,0) =hO (6)
h(L,t)  =0 (7)
Where h is hydraulic head, t is time, L is the length of the domain, S is the storage
coefBcient , and T is the transmissivity.    Model input parameters for this case are
summarized in Table 3, and excellent agreement between the numerical model and the
analytical solution is shown in Figure 1.
Validation case (2) was performed for Theis-type conditions, and comparisons were made
with the available analytical solution (Bear, 1979). Model input parameters for this case
are summarized in Table 4, and excellent agreement between the numerical model and the
analytical solution is shown in Figure 2.
Validation case (3) was for a one-dimensional, Cartesian coordinate, transient form of the
advective-dispersive equation, for which an analytical solution is available (Bear, 1979).
The governing equation and auxiliary conditions are
= -^.^ + D^^ (8)
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a:        dc   ^ ^c
C(x.t=0) = Cb (9)
C(x=0, t>0) = Co (10)
c(x=co, t> 0) = Cb (11)
where: Cg is the background concentration in the aquifer,C^j is the step concentration
entering the aquifer at f = 0, Vj^ is groundwater velocity in the x direction , and Dfj^ is the
hydrodynamic dispersion coefiScient. The model parameters are listed in Table 5 and the
comparison of model results to the analytical solution are shown in Figure 3.
Validation case (4) was for a density-dependent problem known as Henry' s
problem, which has been used previously to compare and validate solutions fi^om density
dependent flow and transport models (Huyakom, 1987; Voss and Souza, 1987). Henry's
problem involves the transient development of fluid heads and solute concentrations in a
two-dimensional domain with zero-flux (second-kind) boundaries on the top and bottom
of the domain, and constant head, constant concentration (first-kind) lateral boundaries of
the domain. Initial conditions are constant head, and a constant concentration equivalent
to saltwater at all locations in the domain. For times greater than zero, freshwater
recharge is applied, and corresponding changes in heads and concentrations occur until
steady-state conditions result. The simulation input parameters are summarized in Table
6, and a comparison of simulation results with those noted in the literature are given in
Figure 4. While some differences exist among all models, results from this simulation are
judged to be in good agreement with the most accurate solutions found in the literature for
Henry's problem (Huyakom., 1987; Voss and Souza, 1987).
IX
6. MODEL APPLICATION
General Simulation Approach
Two ASR applications were modeled: an Upper Guadalupe River Authority site at
KerrviUe, Texas; and a Florida Keys Aqueduct Authority site at Marathon, Florida. For
both sites, hydrogeological characterization, aquifer testing, and pilot-scale ASR data over
multiple storage and recovery cycles were available (CH2M Hill, 1990b; CH2M Hill,
1992a). Water quality data consisted of background, injected, and recovered water
quality throughout each cycle of operation for multiple non-reactive and reactive species,
including THM's. Model data comparisons were made for each class of species.
Three phases exist for the ASR tests analyzed in this work: injection, storage, and
recovery. Simulation of these conditions required application of a time-dependent set of
boundary and source/sink conditions. Because the region of influence was relatively
limited for the pilot-scale applications considered in this work, local-scale simulations
were performed. Regional influences were approximated by orienting the model grid with
the local groundwater gradient direction and establishing initial and boundary conditions
that matched the background gradient. This was accomplished by establishing zero-
gradient conditions for head and concentration along the top, bottom, and two lateral
boundaries, and establishing fixed head conditions along the remaining two lateral
boundaries, which resulted in a match of the background gradient. All boundaries were
set sufficiently far fi-om the ASR well that solutions for both head and solute
concentrations were insensitive to the location of the boundaries. The fixed-head
boundaries were fixed as known concentration boundaries corresponding to background
concentrations during periods of the simulation in which flow was into the domain, and as
zero concentration gradient conditions during periods of the simulation in which flow was
leaving a given boundary. The ASR well was located in the center of the domain and fluid
and solute source terms in the model were set to approximate transient conditions existing
at the well throughout the three phases of ASR. The grid was formed such that
discretization is small and constant up to a cutoff distance fi"om the well, and increases
according     to     geometric     progression     after     the     cutoff     distance.     Small
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discretization till cutoff distance was used to capture the sharp solute front that develops
between the recharge water and the formation water.
Kerrville Site
Test Conditions
The Hosston-Sligo formation is used as the storage zone at the Kerrville site. This
limestone formation ranges from about 151-187 m below ground surface and is overlain
and underlain by low permeability shale formations. Aquifer characteristic estimates are: a
transmissivity of 85.7 m^/d, a storage coeflBcient of 0.0007, a regional hydraulic gradient
of 0.0011 to the south-southeast, and a porosity of 0.183 (CH2M Hill, 1992a). The ASR
well fully penetrates the formation.
Two ASR test cycles were conducted at Kerrville site. ASR pumping rates and
durations are summarized for both cycles in Table 7(CH2M Hill, 1992a). During cycle
one, seven recharge samples and five recovery samples were collected and analyzed for
water quality. Twenty two recharge samples and twenty eight recovery samples were
collected during the cycle two (CH2M Hill, 1992). Selected water quality data collected
during both cycles are summarized in Tables 8 and 9.
Results and Discussion
Simulations were performed assuming homogeneous and isotropic aquifer
conditions using previously determined aquifer parameters. Model calibration was
performed by adjusting longitudinal and transverse dispersivities to match actual data
collected throughout cycle one for sodium (Figure 5), which showed a marked contrast
between background and injected concentrations. This procedure resulted in estimates of
1 m and 8 m for transverse and longitudinal dispersivity, respectively.
The calibrated model parameters were then used to simulate THM's for cycle one
assuming non-reactive behavior, yielding results shown in Figures 6 to 8. Results from
simulations show that predicted THM concentrations were consistently greater than
measured THM concentrations. An increasing difference between predicted and observed
concentrations may also be noted as a function of decreasing chlorination and increasing
bromination of the individual species. These observations are consistent with expected
trends based upon biodegradation rates, as previously reviewed.
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The calibrated model was used to predict the results from cycle two of ASR. Field
data and model predictions are shown in Figure 9 for chloride and in Figure 10 for THNTs.
Agreement for both species is reasonable, considering the larger volume of aquifer tested
in cycle two compared to cycle one and the known dependency of model dispersivity
results on the scale of observation, which results fi^om heterogeneous aquifer conditions.
The close agreement for THMs is not consistent with cycle one information. A possible
cause of this is the relatively high level of residual chlorine in the injected water for cycle
two compared to the non-detectable levels in cycle one, which would have encouraged the
formation of additional THM's in cycle two. It should also be noted that the linear
interpolation through sparse data points for model input of injected water quality
contributes error of an unknown magnitude.
Although, the dispersivities obtained by trail and error gave a good fit for the cycle
one conservative tracer recovery, no quantitative criteria was used to evaluate the fit. For
use in fiature modeling efforts for this site, the dispersivities are derived with a more
rigorous approach. First, a reasonable ratio of longitudinal dispersivity to transverse
dispersivity was adopted. A critical review of field scale dispersion by Gelhar et al. (1992)
indicated that the ratio may be close to ten in most sites. Accordingly ten is selected for
the ratio of longitudinal to transverse dispersivities. Several values of longitudinal
dispersivities are used to predict the model response to the sodium recovery during cycle
one (figure 11). Then the least squares method is employed to arrive at the value of
longitudinal dispersivity that results in minimum sum of squares of deviations of model
predictions from the actual observations (Figure 12). The value is found to eleven. The
model prediction for sodium recovery using this value is shown in comparison to the
actual observations (Figure 13).
Marathon Site
The Marathon site is located in Florida Keys, among a chain of islands located
south of Florida. The storage zone is located 131 - 119 m below the ground surface.
(CH2M Hill, 1990b). The storage zone water quality is very close to sea water quality
(20,800 mg/L of chloride). Aquifer estimates are: a transmissivity of 159 m^/d, a storage
coefficient of 0.00021 and a porosity of 0.31 (CH2M Hill, 1990b). The most important
water quality concern of the ASR operation at this sites is the high amount of salt in the
recovered water. The objective of modeling of this site was to study the effect of mixing
on the salt concentration of the recovered water quality.
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The model was applied to a hypothetical test problem in which the water was
recharged for one day, stored for a half day, and recovered for one day. The recharge and
recovery rate was 995 m^/d, which was the same as that used for the actual ASR cycle
one test conducted by CH2M Hill at this site. Model parameters are summarized in Table
11. The simulation was density dependent, because the densities of recharge and storage
zone water were significantly different. Density was assumed to be a linear function of
chloride concentration, and the aquifer was assumed to be homogeneous and isotropic,
and the ASR well flilly penetrating.
Simulation results for storage and recovery phases are plotted in Figures 14 and
15. These results show the importance of the density dependence for this case, predicting
a rapid increase in chloride concentration in the ASR well during both storage and
recovery. This data is consistent with test data from the site (CH2M Hill, 1990) and the
physics of density dependent flow. Capturing the dynamics of these pilot-scale tests was
difficult because of the hydrodynamic instability naturally present in the system.
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CONCLUSIONS
1. Processes affecting THM behavior in the subsurface were reviewed, and
biodegradation was concluded to be the most important process for typical ASR
conditions, other than the hydrodynamic processes of advection and dispersion.
2. A mathematical model was formulated to describe conditions during ASR, and a
numerical model was developed to approximate the mathematical formulation and
validated.
3. The numerical ASR model was applied to pilot-scale tests at Kerrville, Texas and
Marathon, Florida sites.
4. Good agreement between field data and simulation output was achieved for non-
reactive species for the Kerrville simulations using a consistent set of parameters.
5. Simulated THM concentrations were significantly greater than observed concentrations
for cycle one at Kerrville, and the discrepancy between model predictions and
observations increased with the degree of bromination of the THM species. Both of these
observations are consistent with the occurrence of biodegradation.
6. Simulation results for the Marathon site show that density variations are a significant
factor affecting mixing between injected and formation water.
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Table 1
Physical properties of THM's
Compound Chemical Molecular Solubility in Henry's Lx)g Octanol- Molecular Molecular
Formula Weight Water, mg/L Constant Water Diffusion Diffusion
(g/mole) (25°C) Partition
Coefficient
Coefficient in
Air
(cm2/s)
Coefficient in
Water
(cm2/s)
Chloroform CHCI3 119.38 3190 (25"^ 0.139 1.97 0.0845 1.05X 10-5
Bromodichloromethane CHBrCl2 163.83 4700 (22''C) 0.065 1.88 0.0813 1.04X 10-5
Dibromochloromethane CHBr2Cl 208.28 4400 (22°C) 0.035 2.09 0.0792 1.02X 10-5
Bromoform CHBr^ 252.73 3200 (30°C) 0.022 2.30 0.0775 l.Olx 10-5
Table 2
Summary of biological processes relevant to THMs reported in literature
Cbmpound (s) Nature of Carbon Electron Degradation Degradation Rate Reference
Study Source Acceptor
Conditions
Mechanism /
Environment
C3iloroform Laboratory-
Batch
Formate Oxygen Cometabolism 0.4 n mole min '^
mg of cells'1
Oldenhuis,
1989
Chloroform Field Natural gas Oxygen Strand and
Shippert, 1986
THM's Laboratory Ethanol Nitrate Denitrifying More brominated i^pecies Bouwer andBatch conditions degraded faster McCarty,
1983aBromodichloromethane Laboratory Acetate Nitrate Denitrifying Bromodichloromethane Bouwer andBromoform continuous
flow-fixed
film
conditions 90%; Bromoform >
99% of influent
concentrations with 2.5
days detention time
Wright, 1987
Chloroform Laboratory Acetete Anaerobic Methanogenic Chloroform 86%; Bouwer andBromodichloromethane continuous conditions Bromodichloromethane Wright, 1987Bromoform flow-fixed
film 89%; Bromoform > 99%of influent
concentrations
with 2,5 days detention
time
THM's Laboratory Acetate Anaerobic Continuous flow Steady state removals of Bouwer andBatch Methanogenic
conditions
chloroform > 94% Other
THMs > 99%
McCarty,
1983b
Table 2 (continued)
Compound (s) Nature of Carbon Electron Degradation Degradation Rate ReferenceStudy Source Acceptor
Conditions
Mechanism /
Environment
THM's Laboratory Acetate Oxygen, Aerobic, Chloroform 39-64% Cobb and
Nitrate, Denitrifying, Other THMs > 99% Bouwer, 1991Sulfate Sulfate reducingTHM's Field Carbon in
reclaimed
wastewater
Oxygen Attenuation of THMs is
observed
Roberts et al,
1982
Table 3
Simulation parameters for validation case 1
Parameter Value Units
Initial head (ho) 1.0 m
Length of aquifer (L) 100.0 m
Storage coefficient (S) 0.001
Time at the end of simulation 10.0 d
(tf)
Transmissivity (T) 0.01 m2/d
Spatial discretization (Ax) 5.0 m
Time step duration (At) 0.2 d
Table 4
Simulation parameters for validation case 2
Parameter Value Units
Recharge rate of well (Q^) 6.6 m^/d
Storage coefficient (S) 0.01
Transmissivity (T) 0.1 m2/d
Time at the end of simulation zo <t
(tf)
Spatial discretization
X- direction (Ax) 1.0 m
y-direction (Ay) 1.0 m-
Time step duration (At) 0.02 d
Table 5
Simulation parameters for validation case 3
Parameter Value Units
Step concentration (Cq) 1.0 kg/m3
Background concentration 0.0 kg/m3
(Cr)
Hydrodynamic dispersion 0.1 ra2/d
coefficient (D^y)
Length of the aquifer (L) 2.0 m'-
Groundwater velocity (v^) 1.0 m/d
Time at the end of simulation 0.5 d
(tf)
Spatial discretization (Ax) 0.1 Ol
Time step duration (At) 0.05 d
Table 6
Simulation parameters for validation case 4
Parameter Value Units
Depth of aquifer (B) 1.0 m
Recharge salt concentration 0.0 mg/L
(qn)
Initial (also saturated) salt 20800 mg/L
concentration in the aquifer
(Cs)
Hydrodynamic dispersion 6.6 X 10-6 m2/s
(Dh)
Permeability in all directions 1 X 10-09 m2
in space (k)
Length of aquifer (L) 2.0 m
Fresh water recharge rate (Q) 6.6 X 10-02 kg/s
Density of fresh water, also 1000.0 kg/m^
reference density in model
(PO)
Density of salt saturated 1025.0 kg/m3
water (ps)
Longitudinal dispersivity 0.0 m
(«l)
Transverse dispersivity (af) 0.0 m
Spatial discretization:
X- direction (Ax) 0.1 m
z-direction (Ay) 0.1 m
Time step duration (At) 2.0 min.
Table 7
ASR Pumping schedule during cycle 1 ASR test at Kerrville, TX
Phase Begin End Total Time Volume of Average
(days) water
pumped (m^)
Pumping
Rate (m^/d)
Cycle 1
Recharge 4/2/91 4/5/91 3.04 11090 3613
Storage 4/5/91 4/7/91 2.0 ------
Recovery 4/7/91 4/9/91 2.3 10825 4682
Cycle 2
Recharge 4/15/91 5/14/91 29.1 94247 3213
Storage 5/14/91 6/13/91 30.0 ------ ------
Recovery 6/13/91 7/3/91 20.0 94625 4687
Table 8
Recharge water concentrations for cycle 1 ASR test at Kerrville, TX
Time from Sodium Chloroform Dibromo- Bromodichloro Bromoform
the start of (mg/L) (^g/L) chloromethane -methane (^ig/L)Recharge (d) (Hg/L) (^tg/L)
0.00 9.0 36.0 35.0 27.0 <1.0
0.24 8.8 N/A N/A N/A N/A
0.98 9.5 20.0 13.0 <1.0 <1.0
1.24 9.8 39.1 34.4 16.0 <1.0
2.00 8.6 19.3 26.2 38.6 <1.0
2.27 8.2 24.0 25.0 23.0 <1.0
3.00 8.3 11.0 11.5 12.1 <1.0
Table 9
Recharge water concentrations for cycle 2 ASR test at Kerrville, TX
Time from the start Chloride Residual Chlorine Total THMs
of recharge (d) {mgIL) (mg/L) (^g/L)
0.0 19.0 1.40 21.0
1.0 18.0 1.16 53.0
2.0 15.0 1.00 16.0
3.0 19.0 1.12 7.5
4.0 18.0 1.16 42.0
7.0 17.0 0.89 30.0
8.0 17.0 1.70 35.0
9.0 19.0 1.78 34.0
10.0 N/A 2.04 41.0
13.0 11.0 1.10 32.0
14.0 18.0 1.82 43.0
15.0 19.0 1.82 39.0
16.0 12.0 1.78 28.0
17.0 9.0 1.80 30.0
20.0 20.3 3.54 18.0
21.0 18.0 1.80 23.0
22.0 20.0 1.99 24.0
23.0 18.0 1.94 26.0
24.0 17.0 1.82 26.0
27.0 17.0 1.73 21.0
28.0 19.0 1.81 43.0
29.0 20.0 1.82 144.0
Table 10
Simulation parameters for Kerrville site
Simulation Parameter Value Units
Domain size:
x-direction 5500 m
y-direction 5500 m
z-direction 36.0 m
Spatial discretization:
X- direction (Ax) 8.0-513.5 m
y-direction (Ay) 8.0 - 513.5 m
z-direction (Az) 36.0 m
Time step duration (At) 0.05 d
Permeability 2.3 X 10-7 m2
Storage coefficient 0.0007
Dispersivities:
Longitudinal 8.0 m
Transverse 1,0 m
Porosity 0.18
Background concentrations:
Sodium 5.7 mg/L
Chloride 40 mg/L
THM's 0.5 ^g/L
Density of recharge water 1000 kg/m3
Density of storage zone water 1000 kg/m3
Pumping rates:
Recharge 3646 m3/d
Recovery 4725 m3/d
Table 11
Simulation Parameters for Marathon Site
Simulation Parameter Value Units
Domain size:
x-direction 150.0 m
y-direction 150.0 m
z-direction 12.0 m
Spatial discretization:
X- direction (Ax) 4.0-20.5 m
y-direction (Ay) 4.0-20.5 m
z-direction (Az) 1.5 m
Time step duration (At) 0.02 d
Permeability 1.35 X 10-6 m2
Storage coefficient 0.00021
Dispersivities:
Lxjngitudinal 20.0 m
Transverse 2.0 m
Porosity 0.31
Background concentrations:
Chloride 20800 mg/LDensity of recharge water 1000 kg/m3Density of storage zone 1025 kg/m3water
Pumping rates:
Recharge 999 m3/d
Recovery 999 m^/d
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Figure 9 Chloride concentration at ASR well during cycle 2 recovery for Kerrville
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Figure 10 Total THM concentration at ASR well during cycle 2 recovery for Kerrville
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Figure 11 Model predictions for sodium recovery concentrations at ASR well during cycle one at
Kerrville using different values of longitudinal dispersivities.
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Figure 12 Sum of squares of deviations of different model predictions from the actual
observations as shown in figure 11
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Figure 15 Model prediction of chloride concentration at ASR well during recovery for
Marathon
